ABSTRACT is described. By cont possible to vary the angstroms thick that has epitaxially regrown on the silicon. The diffuse interface consists of randomly ds produced by crystallographic out-diffusion of t silicon. The light trapping ability of the diffuse contact is found to be close to the theoretical limit. Both types of contacts are found to have specific contact resistivities of 10" R-cm2. The process g the contacts involves illuminating the devices with tungsten halogen lamps. The process is rapid (under 100 s) and low temperature (peak temperature < 580'C), making it favorable for commercial solar cell fabrication.
INTRODUCTION
The ability to control the back surface reflectance to facilitate light trapping in silicon solar cells becomes increasingly important as cell thickness is decreased. To achieve the full benefits of light trapping and avoid parasitic losses, the back surface must have a high reflectance [ I ] . In most cell designs, a full backside aluminum metallization is used for the back contact. This serves as an electrical contact, so it must be sufficiently sintered to reduce the contact resistance. Because sintering roughens and spreads out the siliconlaluminum interface, lowering the interface reflectance, one is faced with balancing the optical and electrical properties of the contact. Several studies f2-41 discuss the decrease in total reflectance from aluminum back contacts on silicon as the processing temperature and/or time are increased. However, they do not differentiate between decreases in reflectance caused by light trapping (due to increased roughness of the silicon/aluminum interfacial absorption (due to siliconlaluminum alloying).
In this paper we show that good reflecting properties and ohmic characteristics can be attained simultaneously by producing a thin alloyed region at the interface. We describe a process that can be controlled to vary the siliconlaluminum interface from a specular to a diffuse attached. An additional 21000 A aluminum deposited on the samples after processing. integrated reflectance of the processed samples was measured using a Cary 2300 spectrophotometer.
FORMATION OF A SPIECULAR BACK CONTACT
An unprocessed siliconlaluminum interface gives the highest possible total reflectance; however, it makes a poor electrical contact. Some heat treatment is required to reduce the contact resistance. To maintain a specular contact, the siliconlaluminum interface must remain abrupt and smooth. This requires a fast, low temperature process to limit the diffusion of silicon into the aluminum. Figure 1 shows the lamp power and sample temperature as a function of time for a specular back contact process.
The maximum sample temperature is only 372'C and the lamp process takes less than 100 seconds. This process results in an atomically smooth interface, where the silicon/aluminum alloy has epitaxially regrown on the silicon. This is shown in the cross-sectional transmission electron microscope (TEM) picture in Figure   2 . Figure 3 compares the total integrated reflectance from a sample with this contact to an unprocessed sample. Note that for wavelengths greater than 1.2 pm (where the silicon absorption is low and the reflectance is dominated by the back surface), the reflectance of the specular back contact remains close to the unprocessed silicon/aluminum interface value. By assuming specular reflections from the silicon/aluminum interface, low absorption in the silicon, and accounting for multiple reflections, one can calculate the reflectance of the interface for the unprocessed and processed samples. Using the measured total reflectance at 1.3 pm and a reflectance of 0.32 from the front silicon surface, one finds there is only a 5% drop in interface reflectance for the sample processed for specular reflectance as compared to that of the unprocessed sample. Wavelength (pm) Fig. 3 : Comparison of total integrated reflectance from unprocessed aluminum on polished silicon and specular processed aluminum. The specular processed contact reflectance has only decreased by 5% from the unprocessed case.
Increasing the process time and/or temperature will increase the diffusion of silicon into the aluminum. The diffusion rate across the interface will be non-uniform because of variations in the thickness of the native silicon oxide, resulting in a roughening of the interface. The roughness increases the light trapping ability of the contact, but the diffusion spreads out the interface, increasing the parasitic absorption. To obtain a diffuse reflector with a high reflectance, one needs an abrupt rough interface. An unprocessed interface of aluminum on rough silicon would be the limiting case. Figure 4 compares the total integrated reflectance from two unprocessed samples: one sample was polished on both sides with aluminum on one side; the second was polished on only one side and had aluminum on the unpolished (rough) side. The unprocessed aluminum on rough silicon sample is a completely diffuse reflector because the only specular component of the total reflectance is from the front surface (this is easily determined by comparing the total measured reflectance and the reflectance measured with the specular component excluded). The silicon aluminum interface for this sample has a high reflectance of 92%. The much lower total reflectance for wavelengths greater than 1.2 pm for this sample is a result of light trapping. While the unprocessed aluminum on rough silicon sample has good optical properties -it is a diffuse reflector with high reflectance -it does not have good electrical properties. It will behave as a diode. The aluminum must be heat treated in order to achieve an ohmic contact with reasonable contact resistance. Figure 5 shows the lamp power and sample temperature as a function of time for a diffuse back contact process. The maximum sample temperature is 580'C and the sample is above 500'C for only 30 seconds. This process results in randomly distributed (111) pyramids at the interface, produced by crystallographic out-diffusion of the silicon. These pyramids can be seen after removing the silicon/aluminum alloy, as shown in Figure 6 .
The total integrated reflectance from a sample with this contact is shown in Figure 4 . For wavelengths greater than 1.2 pm, the reflectance is below that for an unprocessed rough interface, indicating that there is some parasitic absorption occurring at the interface. If one continues to increase the temperature and time of the process, the interface absorption increases. This is also illustrated in Figure 4 , in which the reflectance of a sample processed at 800'C for 60 minutes is shown to be even lower than the diffuse contact, and far below the limit for aluminum on rough silicon. The calculated interface reflectance for this contact drops by 12% from the unprocessed interface limit.
DETERMINATION OF THE SPECIFIC CONTACT RESISTIVITY
The specific contact resistivity was measured using the transmission line method [6] . The contacts were fabricated on boron diffused channels with a sheet resistivity of 45 Rkquare and a surface concentration greater than 1019 ~m -~. The contacts were processed using the procedures described above. Both the specular back contact process and the diffuse back contact process achieved ohmic contacts with specific contact resistivities of 1 0-5 Q-cn-?. These values are sufficiently low to reduce the resistive power losses at the contacts in a solar cell to a negligible level [6] .
CONCLUSION
We have described processes for forming specular and diffuse aluminum back contacts on silicon that maintain a high interface reflectance and low contact resistance. These processes result in only a 7% decrease in the reflectance from the silicon/aluminum interface, limiting the parasitic losses of light. The optical properties of these contacts make them ideally suited for light trapping schemes. The processes for forming these contacts are rapid and low temperature, making them favorable for commercial solar cell manufacturing. We are currently applying these processes to our solar cell fabrication.
